BACKGROUND: Although materials for secondary cranial reconstruction have evolved with time, the overall approach in terms of bone flap/implant reconstruction after necessary delay has remained constant. OBJECTIVE: To present our cases series of 50 consecutive secondary cranial reconstruction patients and to describe a multidisciplinary cranioplasty approach developed to reduce morbidity, to minimize infection, and to improve aesthetic appearance. METHODS: Standard technique teaches us to place the bone flap and/or alloplastic implant directly over the dura or dural protectant after scalp flap re-elevation. However, this procedure is fraught with high complication rates, including infection. While raising the previously incised scalp flap overlying the full-thickness calvarial defect, the dissection is performed within the loose areolar tissue plane beneath the galea aponeurosis, thus leaving vascularized pericranium intact over the dura. RESULTS: A total of 50 consecutive patients were treated by the senior author encompassing 46 cranioplasties using the pericranial-onlay approach, along with 4 isolated temporal soft tissue reconstructions with liquid poly-methyl-methacrylate. Of the 46 cranioplasties (. 5 cm 2 ), only 1 autologous bone flap developed deep infection necessitating bone flap removal (1 of 46, 2.17%; 95% confidence interval, 0.003-11.3). None of the alloplastic custom implants placed have developed any infection requiring removal. CONCLUSION: This multidisciplinary approach illustrated in our case series, including our "pericranial-onlay" technique described here for the first time, has the potential to improve patient outcomes, to decrease perioperative morbidity, and to minimize costs associated with postoperative infections after secondary cranial reconstruction.
secondary cranial reconstruction. The outbreak of World War II resulted in a large number of cranial defects, and the evolution of acrylic resins led to the first use of poly-methyl-methacrylate (PMMA) in humans in 1940. [11] [12] [13] [14] [15] [16] [17] [18] Since then, PMMA has become the most frequently used alloplastic material for cranial reconstruction. 7, 8, [19] [20] [21] [22] It is also associated with decreased rates of exposure and infection compared with bone flaps. 23, 24 These defects pose a special reconstructive challenge, primarily because of both the skeletal deficit and the corresponding soft tissue deficiency after interval scalp contraction, temporalis malposition/ foreshortening, and encephalomalacia with overlying dead space. This is especially deforming in areas with complex convexities such as the pterional region. This area has been shown to have a higher incidence of complications. 23 In situations when the bone flap requires removal, there are absent fixation points for the temporalis muscle, leading to muscle foreshortening with caudal displacement and temporal deformity. In these cases, freehand molding of acrylic implants is possible, 25 but it is time consuming and technically demanding and may require exposure of the lateral orbit. With the advent of computer-aided design and manufacturing, both metal and acrylic cranial implants can now be designed and manufactured to precisely fit the patient's defect. 26, 27 Although the materials and manufacturing have steadily evolved, common techniques for cranial bone flap and implant placement have remained constant. In fact, Booth and Curtis 11 described in 1893 secondary cranial reconstruction as simply "elevating the pericranium and scalp flap up with an elevator" and then 19 days later "slipping an aluminum plate under the scalp flap above the dura." Now, nearly 120 years later, standard techniques still include elevating a full-thickness scalp flap and placing the bone flap or implant directly onto the previously exposed dura or previously placed dural substitute. This is associated with dural inflammation 28, 29 and exposes the meninges/ implant materials to bacterial contamination, especially in cases after bone flap osteomyelitis. At the same time, bone flap fixation has also evolved. 30, 31 This traditional teaching is to reincise and reelevate the full-thickness scalp flap, similar to the initial neurological procedure, which mandates a dissection along the epidural space. Drawbacks include significant blood loss, potential for dural injury, and unnecessarily exposing the field and materials to bacterial contamination. 32 Therefore, we present here a novel approach that preserves the vascularized pericranium as a protective layer against infection. It uses the same horizontal boundaries of the previous scalp incision as a "delayed scalp flap" but divides the full-thickness scalp flap into 2 segments: a lower segment containing a vascularized "pericranial-onlay" and an upper segment consisting of a new galea fasciocutaneous (partial-thickness) scalp flap based on the superficial temporal vessels. This in turn provides a "vascularized sandwich" encasing and protecting the replaced bone flap or implant. This is similar to the mind-set of a plastic surgeon faced with an exposed, infected implant in the setting of alloplastic breast reconstruction, which uses the creation of a "neo-subpectoral pocket." With the osetomyelitic bone flap acting like an infected implant within the epidural space, one places the bone flap or cranial implant at a second stage using a separate pocket from the previous one and surrounds the area with vascularized tissue as similar to the pericranial onlay being introduced here. 33 In this scenario, scalp closure over the bone flap or implant is also critical and can easily be complicated by excessive tension, especially in cases when large scalp concavities exist and when tissue mobility is limited from scalp contraction, scar, and/or irradiation. Therefore, some surgeons use staged tissue expansion, which requires additional time, expense, and potential morbidity. 32 Skin dehiscence, whether small or large, is paramount. It allows inoculation of bacteria to the underlying bone flap and/or implant, which may lead to irreversible infection and eventual removal. Therefore, we outline our multidisciplinary approach and case series to suggest decreased morbidity, improved final outcomes, and the ability to avoid unnecessary tissue expansion.
METHODS
The "SCALP" is a complex, reliable, highly vascularized, 5-layered structure extending from skin level down to pericranium. The skin itself has a rich network of dermal-subdermal plexus vessels providing perfusion and therefore does not depend on the deep layers, especially in instances when a previous skin incision has been made. We dissect cautiously under loupe magnification and with fine-needlepoint electrocautery along the loose areolar plane, experiencing minimal blood loss. We then elevate a brand new fasciocutaneous scalp flap consisting of only galeal fascia and skin, leaving behind an intact "pericranial onlay" covering the epidural space. This not only creates a new dissection plane far away from the dura (which in most instances has had infectious contamination) but also alleviates the dreaded and difficult epidural dissection.
All craniums are shaved completely at surgery to ensure proper symmetry. A solid line is drawn over the previous incision, and a dotted line outlines the calvarial defect. This is important for teaching residents and fellows because the calvarial defect varies and does not match up to the scalp incision. Furthermore, all efforts should be made to use the previous incision because this serves as a surgical delay for the flap and contributes to enhanced temporal artery perfusion. When possible, incisions should not be made or used in areas directly over the bone flap and/or implant material. Local anesthetic diluted 1:1 with injected saline (0.5% lidocaine with epinephrine 1:200 000) is then injected as tumescence along the incisions and areas of planned dissection (Figure 1 ). Starting at the anterior midline portion of the marked incision, the cutaneous layer of the scalp is divided with a scalpel down to the deep dermis. Fine-tip electrocautery on a low setting is then used to continue the incision through the scalp, extending full thickness through the galea and pericranium. The surrounding calvarium needs to be exposed to allow rigid fixation and to help minimize tension at the time of closing. Once the limits of the cranial defect are identified posteriorly, medially, and anteriorly, a new flap dissection plane is started beginning at the distal segment. The needlepoint electrocautery is directed superficially, creating a new plane within the loose areolar tissue, below the galeal fascia and above the pericranium (see Video 1, Supplemental Digital Content 1, http://youtu.be/PXY7uRYyTp8, which demonstrates the technique). As the dissection proceeds past the boundaries of the cranial defect, the dissection then changes back to a subpericranial plane in the anteromedial area near the frontal bandeau. Thus, the cranial defect remains covered by a vascularized segment of pericranium (ie, onlay), which remains perfused inferolaterally from its temporal attachments and the superficial temporal system. In addition, any areas of scarred, devitalized pericranium along the calvarial margins are removed to enhance plating exposure. The exposed calvarium allows placement of rigid fixation with titanium plates and 4-mm screws ( Figure 2 ). Attention is given to the forehead region, and all plates are placed in hair-bearing regions if possible. Of note, our operative times have also been reduced by 1 team preplating the bone flap or implant on the back table while the other team completes the soft tissue dissection.
At this point, the cranial defect is now ready for repair with any of the common elements, including autologous bone flaps, titanium mesh, split calvarial bone grafts, and/or alloplastic implant. However, unlike autologous bone, alloplastic custom cranial implants (CCIs) do not undergo resorption and/or warping and therefore are our preferred medium. CCIs also provide a full-thickness calvarial reconstruction, unlike titanium mesh, and may avoid unnecessary dead space underneath. In addition, in some instances, certain CCIs need to be shaped intraoperatively to obtain a precise fit. Because of this latter property, we prefer PMMA over polyetheretherketone. We have found that solid PMMA implants are more easily contoured intraoperatively with a cutting burr set at 20 000 RPM (standard, 40 000 RPM), which prevents unwanted melting of the material ( Figure 3 ).
If soft tissue deformities coexist at the time of secondary cranioplasty, additional materials are used for simultaneous correction. We prefer liquid PMMA for soft tissue reconstruction and/or for filling gaps between bone flap/implant and surrounding calvarium. Consideration is required, however, of the additional expense, skill, and time necessary for fabrication. For pterional reconstruction in particular, it is often necessary to separate the adhered temporalis muscle from the dura before plating the bone flap or implant. This is done at the caudal extent of the defect and is required to allow proper bone flap/implant positioning. Transposing the temporalis is important because it prevents trapping the muscle under the cranioplasty and consequent pain during mastication. In complex cases with simultaneous temporal hollowing, soft tissue reconstruction with liquid PMMA is fixated within the fossa with screws used for stabilization. 25 After the implant is secure, the temporal muscle should be draped and attached to the temporal implant back into near-anatomic position. Tacking drill holes, fixation plates, and/or titanium mesh can be used strategically with permanent sutures to resuspend the temporalis muscle ( Figure 4 ). This maneuver helps to improve aesthetic outcomes and decreases one's risk for temporal muscle wasting or hollowing.
To prevent unwanted fluid collections and dead space from accumulating around the bone flap or implant material, we place 2 postauricular 15F round, fluted drains. The first drain is placed in the infratemporal area above the temporalis, which happens to be a gravity-dependent location. The second drain is placed at the farthest extent of the contralateral and posterior undermining.
In preparation for scalp closure, steps should be taken to ensure tensionfree approximation and to minimize all risk of wound dehiscence. The outer edge of the native scalp is everted on stretch with a double skin hook retractor. Needle-tip electrocautery, set at a low setting of 10 to 15, is used to score the galeal fascia in repeated lines parallel to the incision, on the stable scalp side only, to improve closure without tension. These scoring lines are placed 1 to 2 cm apart, and sufficiency energy is used to visualize and obtain subcutaneous fat herniation through the fascia. Again, one should note that on the scalp flap itself, the interscalp dissection (between the pericranium and the galeal aponeurosis) acts in theory as a "component release," further decreasing tension at the time of closure. This is represented by the fact that none of the patients presented here required any type of staged tissue expansion.
The scalp must be closed meticulously in 3 layers. The galea is approximated with 3-0 delayed, absorbable monofilament suture in an FIGURE 4 . Preoperative photographs at 1 year after autologous bone flap cranioplasty with severe resorption (A and B). Intraoperative photograph of thin, friable bone flap after removal with near-complete resorption (C). Secondary alloplastic cranial reconstruction required temporalis mobilization and fixation to the implant using a titanium plate and permanent suture fixation, allowing near-anatomical reconstruction (D). Right oblique, frontal, and left oblique views at 2 months showing acceptable contour and temporal symmetry (E-G). interrupted buried fashion. Monofilament sutures have a delayed rate of absorption as opposed to the braided type, which is critical in areas of delayed wound healing such as irradiation and malnutrition. Next, a deep dermal running subcuticular suture is placed using 3-0 dissolvable braided suture. The skin edges are then aligned tension free with 3-0 nylon in an interrupted fashion with precise dermal ridge alignment and wound eversion. Of note, we do not offer this pericranial-onlay technique to active smokers because of concerns about small vessel perfusion via the dermalsubdermal plexus, those with previous irradiation, and patients with genetic disorders affecting wound healing such Ehlers-Danlos syndrome.
RESULTS
A 2-year, retrospective chart review for all consecutive outcomes related to secondary cranial reconstructions completed between July 2011 and June 2013 was performed following institutional review board approval from the Johns Hopkins University School of Medicine. Forty-six consecutive cranioplasties (. 5 cm 2 ) were identified, along with 4 simultaneous temporal soft tissue reconstructions for temporal hollowing deformities (n = 50 total patients). Patients who reported being active smokers, had undergone previous free tissue transfer for concomitant scalp reconstruction, were diagnosed with genetic wound healing disorders, or presented with an open, complicated scalp wound at time of surgery were excluded. To date, only 1 autologous bone flap has developed significant deep infection necessitating bone flap removal, in a patient who had presented with a cerebellar abscess (1 of 46, 2.17%). None of the alloplastic implants since placement have developed any infection requiring removal. Most notably, none of the galea-fasciocutaneous scalp flaps have demonstrated any signs of flap necrosis, skin ischemia, and/or wound dehiscence with at least 6 months of follow-up on the majority of patients (25 of 46, 54%).
In this case series, the corresponding adverse event rate was 2.17% (95% confidence interval, 0.003-11.3). With the use of an a of 0.05, the rate is statistically significantly lower than 7. The adverse event rate with this technique is potentially as low as 0% and unlikely to be higher than 11.3%. Tables 1 and 2 show a detailed description of our complex patient cohort and demonstrate the wide array of materials used for secondary cranial reconstruction.
DISCUSSION
By separating the scalp components (galea-skin flap from the pericranium), this unique dissection allows a partial release and advancement of tissues helping to reduce tension. Interestingly, a similar technique is commonly used in plastic surgery for abdominal wall reconstruction that is referred to commonly as a component release. 33 Our new approach can be used for all types of secondary cranial reconstruction regardless of the choice of autologous or alloplastic material.
Overall, deep infection remains the major leading complication after secondary cranioplasty, with reported rates between 21% and 40%. 5, 23, [34] [35] [36] In 2011, Frederick et al 5 presented a large series of 109 secondary alloplastic implant reconstructions with a reinfection rate of 40%, with methicillin-sensitive Staphylococcus aureus and methicillin-resistant Staphylococcus aureus being the most common causes. In fact, in that same year, a meta-analysis conducted by Yadla et al 36 convincingly showed that these cranial infections occur regardless of surgery timing (early vs late), implant materials, and method of flap preservation. Common complications reported in this study included seizure, hematoma formation, seroma formation, hardware exposure, and cerebrospinal fluid leak. 23, 34, [36] [37] [38] Perhaps this is high-level evidence to support our hypothesis that well-vascularized tissue placed on either side of the bone flap and/or implant will aid in reducing the high infection rate, decrease intraoperative bleeding, and prevent cortical irritation leading to postoperative seizures.
Walcott et al 39 found that patients who undergo second-stage cranial reconstruction after a decompressive craniotomy for stroke and patients who have had a prior reoperation were found to be at higher risk for complications. The authors postulated that both patient groups represent populations that likely have a combination of poor wound healing progression and systemic nutritional deficiencies secondary to neurological impairment. In such populations with high risk factors, it is important to consider the use of an approach such as this one to decrease morbidity, to optimize tissue vascularity and wound healing, and, at the same time, to improve aesthetic outcomes.
In an effort to minimize these complications while capitalizing on the benefits of CCIs, we describe this pericranial-onlay cranioplasty technique (developed in 2011). It has since evolved to include autologous bone flaps and split-thickness calvarial grafts as well. It entails elevating a new fasciocutaneous scalp flap, placing each construct between the vascularized pericranial onlay and partial-thickness scalp flap, and reconstructing the soft tissue with intricate mobilization and complex closure.
In addition, for those patients with temporal hollowing and/or bone flap warping, temporal augmentation is performed either simultaneously or at a later stage. Over this time period, 50 consecutive craniofacial reconstructions were performed (Table 1) . In this cohort, a wide range of materials were used, including autologous bone flap, split calvarial grafts, titanium mesh, titanium mesh with liquid PMMA onlay, and a wide range of CCIs, including polyetheretherketone and PMMA. We believe that through a multidisciplinary approach, encompassing the pericranial-onlay technique and other modifications detailed here, one can decrease overall infection rates, reduce subdural inflammation caused by the implant material, and minimize surgical blood loss, cerebrospinal fluid leaks, and wound dehiscence, all of which b Fifty consecutive craniofacial reconstructions were performed in 50 subjects (4 subjects required isolated soft tissue reconstruction for temporal hollowing). Among the 46 cranioplasties, there was only 1 adverse event in a patient who had undergone autologous bone flap reconstruction. c In this cranioplasty group (n = 46), the corresponding adverse event rate was 2.17% (95% confidence interval, 0.003-11.3). With the use of an a of 0.05, the rate is statistically significantly lower than 7.0% (P = .03). The adverse event rate using this technique is potentially as low as 0% and unlikely to be higher than 11.3%. The isolated bone flap requiring removal for infection occurred in a patient with a recent history of cerebellar abscess. Table 3 . There are several potential advantages to this approach. The greatest benefit is the possible reduction in the number of postoperative complications, mainly related to infection and bleeding. This is achieved by providing complete flap encasement of the bone flap or cranial implant with vascularized tissue. Traditionally, the implant has been placed either directly onto the dura or onto some type of dural protectant. To the best of our knowledge, this is the first description and series with this type of pericranial-onlay technique. In our experience, the risk of deep intracranial infections requiring removal and reoperation (reported to be up to 40% 5, 23, [35] [36] [37] [38] [39] [40] [41] [42] [43] ) may be significantly decreased. Any infections that occur in this setting are most likely to be from superficial contamination rather than meninges or brain parenchyma because the additional tissue plane in this instance further isolates the intracranial space. This also eliminates the possibility of dural injury, subdural hematoma formation, and noninfectious meningitis resulting from alloplastic irritation.
Since its original introduction, our total estimated blood loss has been drastically reduced. Average total blood loss ranges between 100 and 200 cm 3 per case. This benefit most likely results from the tumescent local anesthesia and the departure of violating the epidural space to re-elevate the same, original full-thickness scalp flap. Instead, dissection is carried out with needlepoint electrocautery set at a low-energy setting and under loupe magnification carefully within the avascular, loose areolar tissue plane.
We believe that our approach presented here for soft tissue reconstruction will also yield improved aesthetic results. Tension is a major factor in wound dehiscence, infection, and incisional breakdown. By extensively undermining the surrounding scalp and releasing the scalp components, tension is minimized. We, in contrast to common practice, therefore propose wide undermining to both the contralateral and posterior sides, in addition to using galeal scoring carefully along the stable scalp side in a parallel fashion. This may seem counterintuitive, but wound tension is minimized even in the presence of increased cranial circumference with reconstruction, which undoubtedly requires additional tissue stretch. Furthermore, component separation of the galea fascia from the pericranium underneath allows mobilization and release in 2 separate tissue planes, thus increasing the amount of recruited tissue. Additionally, because this is being done in instances of secondary reconstruction, the original flap incision is often made weeks to months earlier. The original scalp incision is thereby inadvertently serving as a valuable "delay" based on the superficial temporal system. This "delay" produces relative ischemia to the periphery and improves vascularity of the flap's pedicle. To obtain optimal aesthetic results, a liquid PMMA implant material may also be used to reconstruct all areas of soft tissue temporal deformity (ie, hollowing) at the time of closing or in instances when there is inconsistent bone-to-bone or bone-to-implant interfaces. Transformation of the PMMA from liquid to solid is exothermic, but the heat generated can be limited with cool irrigation at the time of placement. For the first scenario, oblique screws are placed (commonly 8 mm long) into the underlying pterional bone flap or custom implant, leaving 4-to 5-mm screw length exposed to provide rigid support for the liquid PMMA. As the liquid hardens, the scalp flap is reflected back, and this implant material fills in cavities to camouflage all soft tissue irregularities. This is a modification of the original technique published by Gordon and Yaremchuk 25 in 2011 and is valuable in instances when the temporalis muscle is deficient or there is temporal fat pad wasting ( Figure 5 ). For the latter scenario, a small amount of liquid PMMA is applied to the irregular interfaces. Careful attention should be paid to prevent dripping of the material into the intracranial space. Of note, in contrast to liquid PMMA, the solid PMMA implants used within this study are form stable and undergo zero contraction with respect to time. In addition, because the chemical reaction has already occurred before shipping by the manufacturer, there is no exothermia during placement, alleviating any type of concern for excessive heat generation. Furthermore, although various other synthetics have been introduced over the past few decades, none has been shown superior to PMMA with respect to infectious complications, and the other synthetics are associated with increased costs. 23, 24 Finally, a meticulous 3-layer soft tissue closure is used with interrupted sutures, ensuring correct tissue alignment. Closing subcutaneous tissue improves apposition of the skin edges, prevents inversion of the wound, and results in a finer scar. This is vital when the surgical incision lies over an implant or bone flap because both are at high risk for bacterial contamination in the setting of poor wound healing and skin dehiscence. Closed-suction drains allow dead space evacuation and prevent fluid from accumulating around the bone flap or alloplastic CCI, which in theory reduces the chance of bacterial inoculation. Of note, closedsuction drains have been studied in areas of alloplastic reconstruction and were found not to affect the overall rate of infectious complications. 44 Drains for our patients are normally removed by postoperative day 3. The average hospital length of stay for our patients is between 2 and 3 days.
This technique has several potential disadvantages. Obtaining the correct dissection plane between the galea and pericranium is technically challenging and requires careful dissection under loupe magnification ( Figure 6 ). The success of creating this pericranial onlay is partly predicated on the initial pericranial dissection during craniectomy. Taking care to preserve this tissue layer by reflecting it with the scalp flap, without too many breeches, can assist future reconstruction, which is the impetus for our suggestion describing a multidisciplinary approach. In addition, because of the heightened learning curve, performing this technique may lead to prolonged operative times, potential flap necrosis, and associated anesthetic risk. However, with surgeon experience, we believe that no significant difference in operating time exists between our approach with the pericranial onlay and the traditional techniques used today.
CONCLUSION
Our multidisciplinary approach presented here, including the pericranial-onlay cranioplasty technique, has the potential to improve patient outcomes, to decrease perioperative morbidity, and to minimize costs associated with postoperative infectious complications after secondary cranial reconstruction. This may represent a paradigm shift in the manner for which secondary bone flap and implant-based cranial reconstruction is performed.
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bone flaps and synthetic materials, most of which carry a certain risk for postoperative infection. Early in my career, I became aware of the importance of having vascularized tissue deep to a cranioplasty after a particularly difficult situation in a patient with multiple postcranioplasty infections was resolved with a microvascular free flap. Subsequently, I began to routinely dissect the tissue plane between the pericranium and the galea, leaving a pseudodural plane consisting of vascularized pericranium. The benefits of this pseudodural plane became evident: There existed a means by which to counter potential infection through a rich blood supply, and brain protection was enhanced because one could dissect an entirely new scar-free plane without ever encountering the brain during the operation. The success of creating this pericranial onlay is partly predicated on the initial pericranial dissection during craniectomy. Taking care to preserve this layer by reflecting it with the scalp flap without too many breeches can assist future reconstruction. Because of its elasticity, the pericranial-onlay graft in cranioplasties can be incised if necessary and resewn or it can be repaired if disrupted during the dissection. I differ slightly from the authors in that I attempt not to disrupt the pericranial onlay by exposing the bone edges and will often place cranial plates through the pericranium unless this layer is thickened from scar tissue. In addition, I have not restricted this procedure from smokers, but this point of caution is well taken. Other reconstructive methods mentioned in this article include transposing the temporalis and undermining the galea with galeal relaxing incisions to improve closure without tension. These methods are important to enhance the success of the reconstruction. Temporalis transposition, if possible, can avoid its trapping under the cranioplasty and consequent pain during mastication. In summary, I congratulate the authors on their thoughtful approach to secondary cranial reconstruction.
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